Brain and heart pathologies are caused by editing defects of transfer RNA (tRNA) synthetases, which preserve genetic code fidelity by removing incorrect amino acids misattached to tRNAs. To extend understanding of the broader impact of synthetase editing reactions on organismal homeostasis, and based on effects in bacteria ostensibly from small amounts of mistranslation of components of the replication apparatus, we investigated the sensitivity to editing of the vertebrate genome. We show here that in zebrafish embryos, transient overexpression of editing-defective valyl-tRNA synthetase (ValRS ED ) activated DNA break-responsive H2AX and p53-responsive downstream proteins, such as cyclin-dependent kinase (CDK) inhibitor p21, which promotes cell-cycle arrest at DNA damage checkpoints, and Gadd45 and p53R2, with pivotal roles in DNA repair. In contrast, the response of these proteins to expression of ValRS ED was abolished in p53-deficient fish. The p53-activated downstream signaling events correlated with suppression of abnormal morphological changes caused by the editing defect and, in adults, reversed a shortened life span (followed for 2 y). Conversely, with normal editing activities, p53-deficient fish have a normal life span and few morphological changes. Whole-fish deep sequencing showed genomic mutations associated with the editing defect. We suggest that the sensitivity of p53 to expression of an editing-defective tRNA synthetase has a critical role in promoting genome integrity and organismal homeostasis. mistranslation | genomic fidelity | shortened lifespan | morphological changes | genomic mutations I n the first step of protein synthesis, amino acids are attached to their cognate tRNAs in reactions catalyzed by aminoacyl-tRNA synthetases (1, 2). Mistakes of aminoacylation occur with a frequency of less than 1% (3, 4), and if not corrected, will result in the insertion of a mischarged amino acid into a growing polypeptide chain at the wrong codon (5-7). This sort of error is usually corrected by a universal editing mechanism in tRNA synthetases, which hydrolytically removes the mischarged amino acid from the tRNA before the wrong amino acid is inserted into a nascent protein (8) (9) (10) (11) (12) (13) (14) .
Brain and heart pathologies are caused by editing defects of transfer RNA (tRNA) synthetases, which preserve genetic code fidelity by removing incorrect amino acids misattached to tRNAs. To extend understanding of the broader impact of synthetase editing reactions on organismal homeostasis, and based on effects in bacteria ostensibly from small amounts of mistranslation of components of the replication apparatus, we investigated the sensitivity to editing of the vertebrate genome. We show here that in zebrafish embryos, transient overexpression of editing-defective valyl-tRNA synthetase (ValRS ED ) activated DNA break-responsive H2AX and p53-responsive downstream proteins, such as cyclin-dependent kinase (CDK) inhibitor p21, which promotes cell-cycle arrest at DNA damage checkpoints, and Gadd45 and p53R2, with pivotal roles in DNA repair. In contrast, the response of these proteins to expression of ValRS ED was abolished in p53-deficient fish. The p53-activated downstream signaling events correlated with suppression of abnormal morphological changes caused by the editing defect and, in adults, reversed a shortened life span (followed for 2 y). Conversely, with normal editing activities, p53-deficient fish have a normal life span and few morphological changes. Whole-fish deep sequencing showed genomic mutations associated with the editing defect. We suggest that the sensitivity of p53 to expression of an editing-defective tRNA synthetase has a critical role in promoting genome integrity and organismal homeostasis.
mistranslation | genomic fidelity | shortened lifespan | morphological changes | genomic mutations I n the first step of protein synthesis, amino acids are attached to their cognate tRNAs in reactions catalyzed by aminoacyl-tRNA synthetases (1, 2) . Mistakes of aminoacylation occur with a frequency of less than 1% (3, 4) , and if not corrected, will result in the insertion of a mischarged amino acid into a growing polypeptide chain at the wrong codon (5) (6) (7) . This sort of error is usually corrected by a universal editing mechanism in tRNA synthetases, which hydrolytically removes the mischarged amino acid from the tRNA before the wrong amino acid is inserted into a nascent protein (8) (9) (10) (11) (12) (13) (14) .
Serious pathologies and cell death result from rare errors in protein synthesis (mistranslation). For example, a mild editing defect of an alanyl-tRNA synthetase (AlaRS) in the mouse was shown to cause the death of Purkinje cells and result in neurodegeneration (5) . More recently, cardioproteinopathy was also shown to have connections to mistranslation (15) . Although the cellular and physiological importance of editing has been established, the extent of how editing defects impact major cellular mechanisms is only beginning to be clarified. Because assaults on the genome by environmental factors lead to somatic cell mutations that cause diseases in humans, we were especially interested in the role editing might play in protecting vertebrates against DNA damage. Earlier work in bacteria was supportive of such a connection (16) (17) (18) , and later work established that the occasional misincorporation of the wrong amino acids into enzymes of the DNA replication and repair apparatus was mutagenic by virtue of error-prone repair of DNA damage (19) (Fig. 1A) .
Here, we investigated whether this phenomenon could extend to vertebrates. Because coupling of mistranslation and genome fidelity would have obvious implications for organismal homeostasis and disease, we chose the zebrafish, a popular model organism (with many of the same genes and disorders as mammals) (20, 21) as a system to explore the linkage between translation and genome fidelity. Using editing-defective (ED) valyl-tRNA synthetase (ValRS), we demonstrated that, in response to mistranslation, the DNA damage response (DDR) is activated, as shown by phosphorylation of H2AX and up-regulation of p53 downstream genes. In addition, ED ValRS shortened the lifespan of p53-deficient zebrafish, and whole-fish genomic DNA sequencing showed genomic mutations were associated with the editing defect. Thus, p53 surveillance of mistranslation links translational and genomic fidelity to sustain vertebrate homeostasis.
ED ValRS Causes Cell Death in Zebrafish
For a mistranslational system, we used an ED tRNA synthetase, which has impaired ability to correct an error of aminoacylation of its cognate tRNA. For this purpose, ValRS, which by editing eliminates the occasional production of Thr-tRNA Val (22) , was chosen. Replacement of a universally conserved T535 (which is T539 in zebrafish ValRS) with a T535P substitution yields an enzyme that is completely deficient in editing and retains full aminoacylation activity (6) . This mutant was designated as ValRS ED , where ED denotes "editing-defective." As shown by direct analysis of mammalian
Significance
Although DNA damage is a well-known cause of disease, its connection, if any, to mistranslation is unclear. Here, we used an editing-defective tRNA synthetase to show how an editing defect in zebrafish leads to severe consequences during development and to a shortened overall life span of adult fish. These effects were p53-dependent and reflect a strong connection of mistranslation to the DNA damage response. In addition, deep sequencing of genomic DNA revealed that expression of the editing-defective tRNA synthetase was mutagenic. We suggest that the p53-dependent DNA damage response links translational and genomic fidelity to promote vertebrate homeostasis.
cells, ValRS
ED (encoded as a stable transfectant) occasionally inserts threonine at the positions of valine codons (6) .
Because prior work showed that animals have a profound sensitivity to even mild defects in editing, the creation of T539P knockin alleles was not of use for these studies. In the mouse with AlaRS, an ED knockin was embryonic-lethal; a heterozygous knockin had extreme pathologies, such as cardioproteinopathy (15) . Moreover, even a homozygous mild editing defect (about twofold) resulted in neurotoxicity and ataxia (5) . Thus, a knockin of T539P ValRS in the fish would almost certainly be embryonic-lethal. In addition, we doubted that tissue-specific transgenic constructions would be useful. A liver-specific transgenic, for example, would not likely develop a liver and survive. Instead, as part of our studies, we turned to the use of transgenics generated postfertilization, and selected for survivors. These survivors are a mosaic of expression profiles distributed in different tissues of the animal, and had great utility for our studies.
We deliberately used fish that retained their wild alleles for the editing domain, so as to maintain a background level of the editing function. Then, we either introduced mRNAs that transiently expressed an ED synthetase in trans in the embryo or, in separate studies, we created a mosaic population of transgenic fish that retained the WT alleles of the editing function. By maintaining a strong background of the editing function in all studies, we were able to "tease out" the effects of a competing ED synthetase on the p53-mediated DDR.
To start, we injected synthetic mRNAs encoding ValRS WT and ValRS ED into 120-142 randomly chosen zebrafish embryos. [Except where noted, all data reported below were carried out with zebrafish (zf) ValRS constructs. Because of the extensive prior work (6), many of our first experiments were done with murine (m) ValRS (SI Appendix, Fig. S1 ). In all of these experiments, the results closely mirrored what was observed with the zfValRS constructs.] Using the green color from Acridine orange (AO) staining at 1 d postfertilization (dpf), areas of apparent cell death within the live embryos (Fig. 1B, Fig. S3 ). This difference was even seen at the lowest dose, whereas the uninjected and ValRS WT mRNA injected zebrafish were the same (SI Appendix, Fig. S3 ). (In experiments described below, unless otherwise noted, we then used this "lowest dose.") These results came from three independent experiments, using about 59-136 fish in each of seven groups. These additional data further support that the effects of ValRS ED are not a result of microinjection/overexpression artifacts.
ED ValRS Activates DNA Damage-Responsive H2AX
To more sharply focus on DNA breaks per se, we looked at the H2AX protein that, in response to DNA damage, is rapidly phosphorylated at S139 by ATM (Ataxia telangiectasia mutated), ATR (Ataxia telangiectasia and Rad3 related), and DNA-PK (DNAdependent protein kinase), among others ( Fig. 2A) (23, 24) . For this analysis, we used UV-treated zebrafish embryos as a positive control. The activation of H2AX to give γ-H2AX was determined by microscopy and quantitation of staining with a specific antibody (α-γ-H2AX). With fish injected with ValRS ED mRNA, even in the absence of UV-irradiation, the amount of γ-H2AX was increased (Fig. 2B) . With an enlarged view of γ-H2AX staining, strong green signals were found in the UV control and in ValRS ED mRNA injected fish, but not in the uninjected or ValRS WT mRNAinjected fish (Fig. 2C) . The γ-H2AX staining was quantified and is plotted in Fig. 2D . Whereas the uninjected and ValRS WT mRNAinjected samples showed background levels of γ-H2AX staining, the ValRS ED mRNA-injected fish showed significantly elevated γ-H2AX levels (P < 10
−5
). Thus, the editing defect by itself leads to DNA breaks. These results further support the idea that suppression of miscoding is protective against DNA damage.
ED ValRS Activates the p53 Pathway
To verify the expected DDR in the subject animals (Fig. 2) , we monitored downstream markers of p53 activation for our analysis. These markers included cyclin-dependent kinase (CDK) inhibitor p21, which promotes cell-cycle arrest at DNA damage checkpoints (25) , and Gadd45 (26) and p53R2 (27) , which have pivotal roles in DNA repair. Strikingly, although embryos injected with mRNA encoding ValRS WT showed little change in expression of these p53-downstream target genes, p21, gadd45, and p53R2 were all significantly up-regulated in embryos that harbored ValRS ED (all P < 10 −2 ) (Fig. 3A) . (Because of the inevitable presence of cells not harboring ValRS ED in the samples, we speculate that the level of activation of the downstream markers may be underestimated.) We also checked Mdm2, an E3 ubiquitin ligase, which negatively regulates the presence of p53 proteins to suppress p53-induced apoptosis (28) . Neither injected ValRS WT nor ValRS ED mRNA affected mdm2 expression (SI Appendix, Fig. S4A ). As expected from the cell-death-associated AO staining seen in Fig. 1 B and C, we observed that ValRS ED mRNA injection caused increased expression of the apoptosis-inducing bax (29) (SI Appendix, Fig. S4A ). These results demonstrated a strong sensitivity of the induction of the DDR to miscoding in zebrafish.
In addition to using ValRS WT as a control, we created an ALGA substitution of the highly conserved HLGH motif important for ValRS aminoacylation activity. This mutant (ValRS   AD   ) is aminoacylation-defective, but retains the editing activity encoded by a separate site for editing (30) . [Here the mouse ValRS construct was used. In a separate analysis, we found that cell death in surviving fish, as monitored by AO staining, was similar for fertilized eggs injected with WT and ED constructs of either zfValRS mRNA or mValRS mRNA (SI Appendix, Fig. S1 A-D). In addition, the mRNA levels of the p53 downstream target genes were also similar for both the zfValRS mRNA-and mValRS mRNAinjected fish (SI Appendix, ) (SI Appendix, Fig. S5B ). This observation could be a manifestation of prior results showing that active-site mutations can impede bacterial cell growth because the inactive synthetase retains its tRNA binding site and soaks up the cognate tRNA in abortive complexes (31) .
Next, we examined expression of the three p53 DDR downstream target genes: p21, gadd45, and p53R2. Expression of these genes did not differ from those injected with ValRS WT mRNA (SI Appendix, Fig. S5C ). [Although expression of mdm2 was not altered significantly by injection of ValRS AD mRNA, the apoptosis marker bax was elevated (P < 10 
ValRS
ED mRNA injections into p53 +/+ fish, we observed cell death in zebrafish with both normal and abnormal morphology ( Fig. 1 B and C is consistent with the protective role of p53 against more extensive damage to the whole organism.) As expected, because of the absence of p53 activity, there was not a statistically significant difference between ValRS WT and ValRS ED mRNAinjected embryos in the expression of any of the p53 downstream markers p21, gadd45, p53R2, mdm2, and bax ( Fig. 3D and SI Appendix, Fig. S4B ). It is worth noting that, with both the p53 +/+ and p53 zdf1/zdf1 fish, the protein levels of WT and mutant p53 were unaffected by the expression of ValRS WT Fig. S11 ).
For the analysis of long-term survival, we injected p53 +/+ and p53 zdf1/zdf1 fertilized eggs, separately, with either the pT2-vector alone or the pT2-ValRS WT or pT2-ValRS ED construct. For this work we injected pT2-ValRS constructs into the embryos that were created from siblings' group mating (a group mating of a few males and females in the same generation). This protocol established six separate groups of fish for long-term survival analysis. After development, and depending on the experiment, mCherry + fish were selected and maintained over a period of almost 2 y. The long-term survival rates of these fish were then compared. We observed that, in the p53 zdf1/zdf1 background, the long-term survival of fish harboring the pT2-vector alone and the pT2-ValRS WT construct were not significantly different. In contrast, fish harboring the pT2-ValRS ED construct had sharply reduced survival rates (P < 10 −3 ) (Fig. 4) . Consistent with the analysis shown above of the p53-dependent effects of expression of ValRS ED on the DDR, the longterm survival of fish harboring the pT2-vector alone, and of those harboring either the pT2-ValRS WT or pT2-ValRS ED construct, were not different in a statistically significant way in the p53 Fig. S12 ). Thus, the p53-dependent response to DNA insults caused by mistranslation preserves the lifespan in the fish.
Increased Genomic Variants Associate with the Presence of an ED tRNA synthetase To confirm that fish harboring ValRS ED had accumulated mutations, we selected from the siblings' cohort, one zebrafish at 2 dpf expressing a ValRS WT fusion and another expressing a ValRS ED fusion. Genomic DNA was extracted from each fish for sequencing analysis on an Illumina HiSeq2000 system. Given the nature of the phenomenon in question, likely leading to pronounced genomic mosaicism between tissues (especially in ValRS ED fish), we recognized that a relatively high depth of coverage was needed to achieve a strong enough signal for genotyping. To gain sufficient coverage, we concentrated on sequencing a portion of the genome to great depth. Pursuant to this objective, we digested the genomic DNA samples with the DraI restriction enzyme (digests at TTTAAA hexanucleotide sequences). The digested samples were run out on an agarose gel and visualized by ethidium bromide staining under a UV lamp, and we excised a dense band around 1,250 bps that was common to the WT and ED samples and used it to create a DNA library for sequencing.
Three replicates of each sample library were independently sequenced, resulting in a total of 542,811,425 sequencing reads of 50-100 bases. Our goal was to examine the difference between the nonreference alleles (variants) found in the genomes of the Fig. S13 ).
Variants from this set that were reliably determined to be reference alleles in ValRS WT -expressing fish and nonreference alleles in ValRS ED -expressing fish ( Fig. 5A ; for estimated loci P value of 0.0095, see SI Appendix, SI Materials and Methods) were analyzed and loaded into the University of California, Santa Cruz Variant Annotation Integrator for further analysis. Fig. 5B displays examples of these variants in specific genes distributed across eight chromosomes. These examples include variant alleles (specific to the fish harboring an editing defect) in coding exons, introns, and 5′-and 3′-untranslated regions. Thus, the DNA damage associated with miscoding is correlated with mutations widely distributed throughout the genome. No specific mutational signature was readily observed in either the direct mutational scenarios (A→T, T→G, and so forth) or in any di-nucleotide scenarios (CC→CT, CC→CG, and so forth). More particulars are cast into a visual display in SI Appendix, zdf1/zdf1 zebrafish genomic DNA were sequenced, mapped, processed, and genotyped. The resultant nonreference alleles (variants) that could be found in all three replicates for each sample had a high degree of overlap, and these variants-and many of those specific to the ValRS WT -expressing fish-most likely represent intrinsic differences between the zebrafish strain used in these studies and that of the reference. [In addition, because overexpression of a WT tRNA synthetase, at least in bacteria, can lead to mistranslation (35) and presumably mutagenesis (19), we did not attempt to interpret further the variants specific to the WT fish.] Overall, the sequence match between the WT and reference was greater than 98.5%. The discovered variants were 96% SNPs and 4% InDels. (B) Examples located in specific genes on eight different chromosomes are SNPs that were reliably called as variants in the ValRS ED fish and as reference alleles in the ValRS WT fish.
Discussion
The zebrafish system used here seems to be especially robust for detection of p53-sensitive DNA damage and therefore could be useful as a "tester system" analogous to the Ames test for carcinogens (37) . With this system, a powerful genome-protective effect of an editing mechanism that suppresses miscoding was demonstrated. Even in the p53 zdf1/zdf1 background, the WT editing activity was sufficiently robust to suppress miscoding so that fish embryo morphology and a normal life span were maintained. However, in that same p53 zdf1/zdf1 background, the miscoding-defect we introduced was transdominant, because all fish still harbored the diploid WT alleles for the native tRNA synthetase. This observation highlights the sensitivity of the genome to miscoding.
The results also independently reveal a critical protective effect of the p53-directed surveillance of miscoding. Despite miscoding, the morphological changes in fish embryos and lifespan decrease of adult fish were much less altered in the p53 +/+ background. (Because these changes were marginal, we did not attempt to investigate genome sequence alterations.) Thus, in circumstances where p53 surveillance of miscoding is compromised, mechanisms like editing that suppress miscoding are particularly important, because even mild miscoding could, for example, contribute to the "mutator phenotype" seen in disease connected to p53 defects (38-40).
Methods
AO Staining for Detecting Cell Death in Zebrafish Embryos. The zebrafish (Danio rerio, strain: AB/Tu; sex, N/D; age, 0-2.5 y old) used in our study were maintained at 28.5°C under continuous water flow and filtration with automatic control for a 14-h/10-h light/dark cycle. The night before injection, male and female fish were placed in a 1-L tank containing a fish mating cage with an inner mesh and divider. Zebrafish embryos were obtained from natural spawning by removing the divider and stimulating with light. The embryos were kept at 28.5°C before and after microinjection.
Synthetic mRNAs (made with mMESSAGE mMACHINE kit, Ambion) were injected into the one-cell stage embryos at a dosage of 250-1,000 pg per embryo (sample size was determined by standards of the field of three independent experiments of 30-50 embryos each). For the injection of pT2 vector constructs, the dosage of DNA was ∼1 ng per embryo together with ∼250 pg transposase-encoding mRNA. At 1 dpf, dead embryos were removed and all live embryos were used for experiments. For AO staining, live zebrafish embryos were dechorionated in pronase (2.0 mg/mL in egg water, 5 mM NaCl, 0.17 mM KCl, 0.33 mM CaCl 2 , 0.33 mM magnesium sulfate) for 3-5 min and rinsed five times in egg water at 1 dpf. Embryos were then incubated in 10 μg/mL AO (Sigma A-6014) in egg water for 15 min at 28.5°C, followed by five quick rinses. Embryos were anesthetized in 160 μg/mL tricaine (3-aminobenzoic acid ethyl ester; Sigma A-5040), mounted laterally on the glass slide, and photographed with a Nikon fluorescent microscope (AZ100) equipped with a Nikon CCD camera ( Other Procedures. Additional procedures are described in SI Appendix, SI Materials and Methods and Table S1 .
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SI Materials and Methods
Zebrafish ValRS cloning
Total RNA was extracted from zebrafish tissue, using the RNeasy mini kit (Qiagen). cDNA was synthesized with the Advantage RT-for-PCR kit (Clontech). ValRS primers were used to PCR the zebrafish ValRS cDNA. The primers used were 5' GCTGCCTACAGATGGACACTCTCTAC 3'(forward) and 5'CATGAGGGTGAAATGTTACATCATCTTGCTG 3'(reverse). The zebrafish ValRS was cloned into pT2 vector containing a mcherry tag (C-terminus). Sequencing of the cloned zebrafish ValRS confirmed to be the zebrafish ValRS sequence found on the NCBI database (accession number XP_682807), however a fragment of the ValRS sequence was missing in the middle. We inserted the missing part of the ValRS sequence by using the synthesized cDNA as a template and repeating the PCR with new primers, 5'CTTCATCAAGGAGGTCTGGAAGTGGAAGAACGAAAAGGGAG3'(forward) and 5'GCCCTTGCTCACCATCATCTTGCTGAAGTTCTCTATGGC 3' (reverse). The ValRS editing mutant was made with the following primers, 5' GAGGTGATAGTGGCCACCCCTCGTATTGAG 3'(forward) and 5'CTCAATACGAGGGGTGGCCACTATCACCTC 3'(reverse). Zebrafish ValRS was cloned into pCDNA6 or pCS2 vector to be used as a template for mRNA synthesis.
Mouse ValRS constructs
Mouse ValRS used in previous studies(1) (ValRS without GST domain) were cloned into pCDNA6 vector to be used as a template for mRNA synthesis. ValRS ED contains a point mutation in the editing domain: threonine at the 535 position is mutated to proline. To make an aminoacylation-defective mutation in ValRS, the highly conserved "HLGH" motif in the aminoacylation domain(2) was changed to "ALGA" using the primers 5'CAGGCTCCCTGGCACTGGGCGCAGTACGCACCAAC 3'(forward) and 5'GTTGGTGCGTACTGCGCCCAGTGCCAGGGAGCCTG 3' (reverse).
Zebrafish ValRS and p53 expression test
Zebrafish were collected at 2 dpf after injection of pT2-ValRS WT or ValRS ED at 1-cell embryo stage. 20-30 zebrafish embryos were lysed in 500 ul Trizol (Life Technologies), and after RNA and DNA isolation, protein was isolated, following the Trizol protocol. The protein pellet was resuspended in 1% SDS buffer, and ran on a SDS-page gel. The gel was transferred to a nitrocellulose membrane, and western blotted with the mcherry antibody (5993-100, Bio Vision) and β-actin antibody (#3700, Cell Signaling). For the mRNA injections, zebrafish were collected at 1 dpf after the injections, and blotted with the V5 antibody (R960-25, Life Technologies) or the p53 antibody (sc-6243, Santa Cruz) (the sample preparation protocol is same as above).
TUNEL assay For the TUNEL assay, embryos injected with either ValRS
WT or ValRS ED mRNA were collected at 1 dpf and were fixed overnight in 4% paraformaldehyde with PBS at 4°C and stored in 100% methanol at -20°C until the samples were used. Samples were then incubated in 100% acetone at -20°C for 20 min. Following fixation, the embryos were rinsed three times with PBS containing 0.1% Tween-20 ((PBS-T) 5 min each). Samples were then permeabilized by treatment with 0.5% Triton X-100 and 0.1% sodium citrate in PBS for 15 min, then with 5 to 50 mg/ml proteinase K (Invitrogen) for 5 to 25 min. Embryos were subjected to the TUNEL assay using the ApopTag Red in situ Apoptosis Detection Kit (Chemicon) according to the manufacturer's instructions. Results shown are from three independent experiments.
γ-H2AX staining & imaging Zebrafish embryos were injected with ValRS
WT or ValRS ED mRNA at 1-cell stage. As a positive control, zebrafish were treated with UV (1800J/m 2 ). At 1 dpf zebrafish were collected, anesthetized in tricane, and fixed in 4% PFA overnight at 4°C. The next day, zebrafish were washed in PBS-T and incubated 1hr at room temperature in blocking solution (10% goat serum in PBS-T). Anti-γ-H2AX antibody (Genetex) was diluted 1:200 in blocking solution and added overnight at 4°C. The next day, zebrafish was washed again with blocking solution, and FITC-conjugated secondary antibody was added in blocking solution and incubated overnight at 4°C. Zebrafish were finally washed with blocking solution again, mounted laterally on a glass slide and photographed with a Nikon fluorescent microscope (AZ100) equipped with a Nikon CCD camera (Qimaging Retiga 2000R). Enlarged pictures were taken with the FluoView 1000 confocal laser scanning microscope system (Olympus) with a 60x objective lens. All steps were carried out in 1.5ml centrifuge tubes, and 500ul of solution was added to each step. Results shown are from three independent experiments.
Quantification of acridine orange staining and γ-H2AX staining
The dead cells stained with acridine orange in each zebrafish embryo were counted using 'analyze particles' function of Image J software on the whole embryos except for the yolk regions (due to their relatively high nonspecific staining). The intensity of γ-H2AX immunostaining in the cells of zebrafish yolk regions were measured using Image J software and divided by the numbers of the nuclei, which were counterstained by DAPI and counted using the 'analyze particles' function of Image J software.
Reverse transcription-PCR 24 hours after injection, 10-30 zebrafish embryos from each group were collected for total RNA extraction using Trizol reagent (Invitrogen) according to the manufacturer's instructions. The total RNAs (1 µg for each group) were reverse transcribed by using M-MLV reverse transcriptase (Promega) and oligodT (20) as the primer. The reverse transcription products were then used as templates for PCR reactions using the Taq DNA polymerase (Fermentas) or for RT-PCR reactions using the Power SYBR Green PCR Master Mix (Life technology, Warrington, UK). We used primer set 1 (for experiments performed with mValRS constructs) or 2 (for experiments performed with zfValRS constructs) (Supplementary Table 1 . Zebrafish with mcherry signals were selected for ValRS-mcherry expression. For each sample, we selected one zebrafish at 2 dpf to extract genomic DNA. The genomic DNA was amplified with the REPLI-g Midi kit (Qiagen), and digested with DraI restriction enzyme, 2hrs at 37˚C. To separate the digested fragments of DNA, restriction digested DNA (2 ug/sample) was run on a 2% agarose gel and bands were cut at approximately 1250 bp size (+/-150 bp) (Several bands of different sizes were analyzed on the Agilent bioanalyzer, and the band that was closest in size for both the ValRS WT and ValRS ED samples were chosen). DNA was extracted from the gel and gel purification was repeated a second time to improve equivalent sizing between the two samples. The final extracted DNA yield was ~30 ng for each sample. Extracted DNA was then fragmented on the S2 Covaris to yield products in the 250-400 bp size range. After fragmentation, Illumina sequencing libraries were prepared as follows: 30 ng of each sample were end repaired, A-tailed with Taq polymerase, treated with kinase and ligated to standard IlluminaTruSeq barcoded adapters following Illumina recommended protocols. The library was then PCR amplified for 14 cycles. The amplified libraries were gel purified to select insert sizes between 200 -250 for single-read 1x100 sequencing on the Illumina HiSeq2000 to generate 100 base single-end reads. The Analysis Pipeline Software (Casava v1.8.2) was used to perform the primary analysis of the sequencing run, namely base calling and generation of fastq files.
Statistical analysis
Sequencing analysis
Three replicates of each library were independently sequenced, resulting in a total of 542,811,425 sequencing reads of 50-100 nucleotides each. These sequences were aligned with BWA-MEM(3) to the zebrafish genome (version 9, build 68) and processed according to established best practices for GATK(4); including duplicate read marking in Picard tools, and base quality score recalibration and indel realignment in GATK (5) . A set of zebrafish single nucleotide polymorphisms (SNPs) were obtained from dbSNP to aid in variant discovery. We utilized the HaplotypeCaller algorithm of GATK, discovering SNPs and indels across all six samples simultaneously, followed by filtration with the Variant Quality Score Recalibrator (VQSR) system, using a set of 20,814 high quality SNPs and 6,700 indels from an initial run of genotype processing (6) . A total of 2,196,346 variants were discovered within the sequenced regions of the zebrafish genome (2,013,928 SNPs and 182,418 InDels). After filtering variants where the replicates were not in agreement or with a VQSLOD score below -0.21 (the recovery level for 99% of known variants from dbSNP), 1,874,601 SNPs remained, exhibiting a transition to transversion ratio of 1.1 (as seen in previous studies for zebrafish and dbSNP (7) . These variants and surrounding nucleotides were loaded into R (https://www.r-project.org/about.html) for further analysis of mutational scenarios. No patterns in either the direct mutations (A->T, G->C, etc) or di-nucleotide mutations (CC->CG, CA->CC, etc) were readily observed (other than the overrepresentation of A->T and T->A seen by Stickney and colleagues (7)). After normalizing to the slightly greater number of reads (9.9%) in the ValRS ED expressing fish, 67.3% more variants were discovered uniquely in the ValRS ED -expressing fish than in the ValRS WT -expressing fish (Fig. S13 ), though they (ED and WT) were overwhelmingly similar, sharing 87.8% of all variants discovered. Of these variants, those with locations that could be discerned across all replicates (as depicted in Fig. 5 ) were fed into the UCSC Genome Browser table browser and Variant Annotation Integrator (8) . To estimate the 'p-values' for the significance of the variant alleles specific to the ValRS ED -expressing fish (examples of which are shown in figure 5B ), we calculated the random probabilities for all 3 replicates of a given allele of the ValRS WT -expressing fish being identical to each other and to the reference allele and, similarly, for all 3 replicates of the ValRS ED -expressing fish being identical to each other but different than the reference allele. From the accumulated, callable loci, we empirically estimated the probability of reproducing a given locus through all 3 replicates for a given sample as 0.99. Therefore, the probability of a random variant arising at a specific allele that is different between WT and ED samples is the product of (0.993) x (0.01x0.992) =0.0095. In an alignment of 6 replicates, the first product is that for the replication of the variant for the ValRS WT -expressing fish (which in this case matches the reference allele), and the second product is the random probability for having a variant nucleotide that faithfully replicates. Lastly, 0.01 = (1 -0.99) is the random probability that a sequencing error generated the difference. WT or ValRS ED (both mcherry tagged) were lysed and ran on a SDS-PAGE gel, and subjected to western blot analysis with a mcherry antibody. . SGS refers to how many of the loci could be identified as reference or non-reference at a given location across samples (the total number being 6, three for WT and three for ED). B) Heatmap rings depict megabase regions at a log scale of 3. The outer ring (grey) depicts the sequencing depth of coverage for each chromosome as a heatmap, where colors darken depending on the number of 40x or deeper regions within a given megabase. The next two rings illustrate SNPs specific to either the fish injected with mRNA encoding ED (green) or WT (purple) ValRS mRNA. The internal-most ring (blue) shows background mutations found in both fish. To gain highest statistical significance, SNPs in this plot were discovered under more relaxed parameters than those used in figure 5 (see Supplementary Methods).
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